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Abstract 

Dendritic cells (DCs) constitute an attractive target for specific delivery of nanovaccines for immunotherapeutic applications. 
Here we tested nano-sized dextran (DEX) particles to serve as a DC-addressing nanocarrier platfornn. Non-functionalized DEX 
particles had no immunomodulatory effect on bone marrow (BlVlj-derived murine DCs in vitro. However, when adsorbed 
with ovalbumine (OVA), DEX particles were efficiently engulfed by BM-DCs in a mannose receptor-dependent manner. A 
DEX-based nanovaccine containing OVA and lipopolysaccharide (LPS) as a DC stimulus induced strong OVA peptide-specific 
CD4^ and CD8^ T cell proliferation both in vitro and upon systemic application in mice, as well as a robust OVA-specific 
humoral immune response (lgGl>lgG2a) in vivo. Accordingly, this nanovaccine also raised both a more pronounced 
delayed-type hypersensitivity response and a stronger induction of cytotoxic CD8^ T cells than obtained upon 
administration of OVA and LPS in soluble form. Therefore, DEX-based nanoparticles constitute a potent, versatile and easy 
to prepare nanovaccine platform for immunotherapeutic approaches. 

Citation: Shen L, Higuchi T, Tubbe I, Voltz N, Krummen M, et al. (2013) A Trifunctional Dextran-Based Nanovaccine Targets and Activates Murine Dendritic Cells, 
and Induces Potent Cellular and Humoral Immune Responses In Vivo. PLoS ONE 8(12): e80904. doi:10.1371/journal.pone.0080904 

Editor: Mark Cobbold, University of Birmingham, United Kingdom 

Received April 25, 2013; Accepted October 17, 2013; Published December 5, 2013 

Copyriglit: © 2013 Shen et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits 
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited. 

Funding: The authors have no support or funding to report. 

Competing interests: The authors have declared that no competing interests exist. 
* E-mail: stephan.grabbe@unimedizin-mainz.de 
(5 These authors contributed equally to this work. 



Introduction 

Several classes of antigen-loaded particles have been demon- 
strated to passively target antigen presenting cells (APCs) including 
dendritic cells (DCs) as the most potent APC population by means 
of unspecific endocytotic internalization [1]. In the course of these 
studies, some types of particles have been demonstrated to exert 
immunostimulatory activity in DCs [2]. This property may be of 
advantage in order to evoke an antigen-specific immune response. 
However, a nanoparticle platform devoid of intrinsic immuno- 
modulatory potential might be even more feasible as it allows to 
determine the polarization of the antigen-specific immune 
response solely by the quality of a particle-delivered adjuvant [3] . 

In this regard, we opted for dextran (DEX) nanoparticles, 
introduced almost thirty years ago as a carrier platform for protein 
antigens plus immunomodulatory compounds to elicit an antigen- 
specific humoral response after in vivo application [4]. In general, 
dextrans constitute dextrose-derived neutral biopolymers, which 
due to their excellent biocompatibihty have been in widespread 
clinical use for decades, serving as blood volume expanders, and 
preventing thrombosis. Therefore, DEX particles may constitute 
an ideal platform for the development of functionalized nano- 
carriers. The DEX particles used in our study are based on 
commercially available dextran particles with an average Mw of 



500 kDa. The model protein antigen ovalbumine (OVA), and 
lipopolysaccharide (LPS), a well estabhshed toll-like receptor 
(TLR)-4 ligand and THl -promoting DC stimulus, were adsorbed 
to DEX particles by applying the protocol introduced by Schroder 
and co-workers [4,5]. 

It has been shown that uptake of OVA by pinocytosis in DCs 
resulted in the activation of OVA-specific CD4^ T cells, but 
evoked no CD8"^ T cell response [6]. In contrast, endocytotic 
uptake of OVA, which is efficiently bound by the mannose 
receptor (MR) due to its mannosylation [7], resulted in strong 
activation of either T cell population. The MR belongs to a group 
of C-type lectin receptors which act as pattern recognition 
receptors and bind both endogenous as well as pathogen-derived 
structures [8]. Due to its rather restricted expression pattern, 
largely confined to macrophages and myeloid DC populations, the 
MR has become a well established target receptor for APC-specific 
vaccination [9]. 

In this study we analyzed the efficacy of a refined MR-targeting 
delivery system based on OVA, intended to serve both as a MR 
targeting molecule and as a source of antigen. We show that DEX- 
based nanoparticles as such are not internalized by DCs and lack 
unwanted immunomodulatory function. DEX particles adsorbed 
with OVA, however, were efficiently engulfed by murine DCs 
in vitro in a MR-dependent manner. Codelivery of OVA and LPS 
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by DEX particles induced stronger and more sustained immune 
responses in vitro and in vivo than direct application of these 
compounds which confirms their usability for immunotherapeutic 
applications. 

Materials and Methods 

Adsorption of Antigen and Adjuvant to Dextran (DEX) 
Particles 

DEX nanoparticles were mixed with OVA and LPS according 
to a general protocol described to r(-sult in efficient binding of 
distinct compounds to dextran-based nanospheres [5] with some 
modifications. Detailed information are obtainable from the 
Supporting Informations in Methods SI. 

Electron Microscopy 

Shape and size distribution of DEX particles dispersed in PBS 
were studied using a Tecnai 12 transmission electron microscope 
(FEI, HUsboro, OR) at an accelerating voltage of 1 20 kV. Images 
were taken using a 1392x1042 SIS Megaview camera (Olympus, 
Miinster, Germany). 

Dynamic Light Scattering 

The size of DEX particles resuspended in PBS and analysis of 
potential interaction with blood serum were determined by 
dynamic light scattering (DLS) analysis as described elsewhere 
[10]. Detailed descriptions are given in Methods SI. 

Ethics Statement 

All mouse strains were bred and maintained in the Central 
Animal Facilities of the LTni\(Tsity of Mainz undc-r specific 
pathogen-free conditions according to the guidelines of the 
regional animal care committee. AH animal experiments were 
performed in accordance with national and European (86/609/ 
EEC) legislation, and in accordance with the Central Laboratory 
Animal Facility of the University Medical Center of Mainz. The 
protocol was approved by the national investigation office of 
Rhineland-Palatinate (Permit Number: 13177-07/G08-1008). 

For ethical reasons, blood samples were withdrawn under 
ketamine and xylezine anaesthesia and all efibrts were made to 
minimize sufiering. 

Mice 

All mouse strains were bred and maintained in the Central 
Animal Facilities of the Johannes Gutenberg-University of Mainz 

under specific pathogen-free conditions on a standard diet. The 
"Principles of Laboratory' Animal Care" (NIH publication no. 85- 
23, revised 1985) were followed. CD4+ T ceUs of OT-II (C57BL/6 
background) and of DO 1 1.10 (BALB/c) mice are transgenic for a 
aPTCR specific for OVA323_339 peptide in context of H-2 TA'' 
and I-A"*, respectively. CD8"^ T cells of OT-I (C57BL/6) mice are 
transgenic for a apTCR specific for OVA-derived SIINFEKL 
peptide (OVA237_264) in the context of H-2K''. Both OT-I and 
OT-II strains (C57BL/6 background) were crossed to CD45.U 
C57BL/6J congenic mice. 

Generation of Murine Bone Marrow-derived Dendritic 
Cells 

BM-DCs were generated as previously described [1 1] with some 
modifications. On day 6, non-adherent and loosely adherent BM- 
DCs were collected. Aliquots of BM-DCs were stimulated with 
DEX particle formulations at concentrations as indicated or with 
LPS (100 ng/ml) for 24 h. 



DC Viability 

To assess potential cytotoxic effects of DEX particle formula- 
tions, day 6 BM-DCs (2.5 x 10'^) were reseeded into wells of 96 well 
cell culture plates in a volume of 50 |ll, and DEX particles were 
added at different concentrations as indicated. To assay cell 
viability, tetrazolium substrate was added which is reduced to a 
chromogenic formazan product by mitochondrial succinate 
dehydrogenase, and thereby correlates with the number of 
metabolically active cells. The reaction was stopped by addition 
of an organic solvent, and the concentration of solubUized 
formazan was detected spectrophotometrically in an ELISA 
reader according to the protocol provided by the manufacturer 
(Promega, Madison, WI). 

Cellular Uptake of Functionalized FITC-labeled DEX 
Particles 

BM-DCs (5x10^ cells) or spleen cell suspensions (2x10^ cells) 
derived from C57BL/6 mice were incubated with FITC-labeled 
DEX particle formulations (each 50 |Xl [BM-DCs] or 30 |Xl [spleen 
cells]) as indicated in a volume of 200 |a,l at 37°C in 96 wells of a 
cell culture plate for the indicated periods of time. To assess for 
MR-dependent endocytosis of OVA-adsorbed DEX particles by 
BM-DCs, cells (5 x 10^ in 200 |ll) were preincubated with mannan 
(200 |Xg/ ml; Sigma-Aldrich, Deisenhofen, Germany) for 30 min at 
37°C. After incubation, cells were harvested and stained for 
surface lineage marker expression as indicated for subsequent flow 
cytometry analysis (see below). 

Laser Scanning Microscopy 

Day 6 BM-DCs were cocultured with FITC-labeled DEX(- 
OVA) as described (see above) in wells of 96 well cell culture plates 
for the indicated periods of time. After incubation, the cells were 
harvested and washed with FACS bufier (PBS, 1% FCS, 0.5 mM 
EDTA). Subsequently the cells were transferred onto chamber 
slides (IBIDI, Martinsried, Germany). Cells were incubated with 
anti-CD 1 Ic antibody as described above, and nuclei were stained 
with DAPI (Life Technologies, Carlsbad, CA). Cellular uptake of 
DEX particle formulations was analyzed by confocal laser 
scanning microscopy (LSM510-UV, Zeiss, Germany). 

Flow Cytometry 

Cells were washed in FACS buffer, and stained with PE-Cy7- 
conjugated anti-CD 11c, PE-conjugated anti-CD80 or anti-CD3, 
FITC-conjugated-anti-CD86, APC-conjugated anti-CD 19 or anti- 
CD40, and e-fluor405-conjugated anti-MHCII or anti-F4/80 
antibodies as indicated. For intracellular detection of IFN-y, cells 
were stained with APC-Cy7-conjugated CDS, PE-conjugated anti- 
Va2, and PE-Cy5-conjugated CD45.1, and fixed with 4% 
paraformaldehyde. Then, cells were permeabflized, and stained 
with APC-conjugated anti-IFN-y. AH antibodies were purchased 
from eBioscience (San Diego, CA). Expression intensities were 
assessed by flow cytometry (FACS LSR II, BD Biosciences, San 
Diego, CA). 

T Cell Proliferation Assays 

Aliquots of day 6 BM-DCs (10*^ cells) were cocultured with 
DEX particle formulations (100 |Xl), LPS (100 ng/ml), and OVA 
protein (2 |Ig) as indicated for 24 h. For in vitro proliferation assays, 
(OT-II) T cells were purified from mouse spleens and lymph nodes 
by auto MACS (Miltenyi Biotec GmbH, Bergisch Gladbach, 
Germany). BM-DCs were cocultured with OT-II T cells at the 
indicated cell numbers in triplicates for 48 h. Afterwards, 
cocultures were incubated with ^H-thymidine for an additional 
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16 h. Genomic incorporation of ^H-thymidine was determined by 
liquid scintillation counting. 

For in vivo analysis of T cell proliferation, splenocytes (OT-IxLy- 
5.1, OT-IIxLy5.1) were incubated with 0.5 |lM carboxyfluores- 
cein diacetate succinimidyl ester (CFSE, Life Technologies) for 
10 min at room temperature. CFSE-labeled splenocytes (10^) were 
transferred intravenously [i.v.) into C57BL/6 mice. After 48 h, 
4 |J,g of OVA protein or the corresponding amount of DEX 
particle-bound OVA were injected i.v., either alone or combined 
with 100 ng of LPS as indicated. Four days later, spleens and 
peripheral lymph nodes (LNs) were removed and cell suspensions 
were analyzed for proliferation of CFSE-labeled OT-LcLy-S. 1 or 
OT-IlxLyS.l T cells by flow cytometry. 

Foot Pad Swelling Assay to Assess Antigen-specific 
Delayed-type Hypersensitivity 

DO 11 . 1 0 Cm^ T cells (5 x 1 0*^ per mouse) were injected i.v. into 
BALB/ c mice. One day later, OVA323-339 peptide (40 |J,g/ mouse), 
LPS (100 ng/ mouse), and DEX particle formulations (40 |Ig/ 
mouse) were injected i.v. as indicated. Two weeks later, syngeneic 
day 7 BM-DCs, stimulated with LPS for 24 h, were pulsed with 
OVA323_339 peptide (0.1 |J,g/ml) for 4 h, and were injected 
subcutaneously (s.c.) into foot pads of pretreated mice (5x10* 
BM-DCs per foot pad). Starting on the day of injection, foot pad 
swelling was measured daily. 

In Vivo Killing Assay 

Spleen cells derived from OT-IxLy-5.1 mice were resuspended 
in PBS (5xl0'/ml) and injected (200 |i,l i.v.) into mice via the tail 
vein. Two days later, groups of mice were immunized with OVA 
(4 (Xg/mouse), LPS (4 jig/mouse), and DEX particle-based 
nanovaccines (200 pi per mouse) as indicated. After 5 days, spleen 
cells were isolated from Ly-5.1 mice. One fraction was pulsed with 
1 |J,g/ml OVA257_264 peptide (1 h, 37°C) to serve as the target cell 
population. Target cells were labeled at a low concentration of 
CFSE (0.5 [iM, CFSE'"'^'' cells). The other fraction was left 
unpulsed and was labeled at higher CFSE concentration 
(0.05 JtM, CFSE'°" cells) to serve as an internal control. Equal 
numbers of cells from both populations were mixed, and a total of 
10' cells in 200 pi of PBS was injected i.v. per mouse. Four h after 
injection, splenocytes were derived from treated mice, and the 
frequencies of CFSE"^ Ly-5. 1^ cells were assessed by FACS analysis 
to determine the extent of in vivo killing. The level of specific 
cytotoxicity was calculated according to the following formula: 
100%-(CFSEi„„/CFSEhighxl00%). 

Antibody Detection 

Mice were immunized with DEX particle formulations equiv- 
alent to 4 ng of OVA protein (DEX[OVA], DEX[OVA-l-LPS]) or 
200 10,1 of DEX particles (DEX[-], DEXfLPS]) as indicated. One 
and two weeks after immunization mice were bled from the retro- 
orbital plexus. OVA-specific IgGl and IgG2a levels were 
determined in derived sera by ELISA. The antibody titer was 
defined as the reciprocal serum dilution yielding an absorbance 
reading of OD = 0.2 after linear regression analysis. IgG contents 
were standardized by testing reference sera in parallel. 

Results 

Characterization of Functionalized DEX Particle 

Formulations 

DEX-based nanoparticles (DEX[— ]) were of spherical shape 
and rather uniform in size as assessed by electron microscopy 



(Figure 1 A). DEX particle formulations containing OVA and LPS 
either alone or in combination were comparable in terms of 
appearance and size (data not shown). Actual sizes of dextran 
T500 and the different derived types of DEX-based particles were 
assessed by DLS analysis. The angular dependency of the 
hydrodynamic radii of the different types of dextran particles is 
shown in Figure IB. Extrapolation to zero scattering angle 
(scattering vector q = 0) resulted in the z-average values of the 
hydrodynamic radii of the untreated Dextran T500 polysaccha- 
ride (<Rh~ >z~ = 17 nm), which were somewhat larger in case 
of the DEX particle formulations (DEX[-]: 23 nm, DEX[OVA]: 
19 nm, DEX[LPS]: 19 nm, and DEX[OVA+LPS]: 20 nm). Due 
to the largely comparable sizes and scattering intensities of 
Dextran T500 and derived DEX particles, the latter most likely 
consist of single dextran molecules interacting with OVA and LPS, 
resp(xtiv(;ly, in a yet unknown manncT, not elucidated in the 
present work. DLS analysis of different DEX particle types 
(DEX[OVA], DEX[LPS]) preincubated with human serum 
showed no significant alterations of particle-associated parameters 
(Figure SI), which excludes considerable interaction of these DEX 
particles with serum components. 

OVA-containing DEX Nanoparticles are Engulfed by BM- 
DCs in a Mannose Receptor-dependent Manner 

Since DEX-based particles exerted no detrimental effect on 
BM-DC viability (Figure IC), next we assessed the intracellular 
uptake of FITC-labeled DEX particles by unstimulated BM-DCs. 
In a time kinetics assay DEX particle types devoid of OVA protein 
(DEX[-], DEX[LPS]) showed no binding to BM-DCs over 24 h 
of coincubation (Figure 2A). In contrast, incubation with OVA- 
containing DEX particle f)rmulations (DEX[OVA], DEX[OVA 
+ LPS] ) resulted in steadily increasing frequ(-n{ i(;s of FITC^ BM- 
DCs. Confocal microscopy confirmed pronounced cellular uptake 
of OVA-containing versus non-containing DEX particles by BM- 
DCs (Figure 2B) as assessed 4 h (left panel) and 24 h (right panel) 
after the onset of coincubation. In light of the OVA-dependent 
binding and uptake of DEX particles by BM-DCs, we asked for 
involvement of the MR receptor. In competition (experiments, 
preincubation of BM-DCs with the prototypic MR ligand mannan 
at high concentration significantly reduced cellular binding of 
subsequently applied DEX(OVA) (Figure 2C). 

Based on the finding of MR-dependent binding of DEX 
particles to BM-DCs, we evaluated their suitablility to specifically 
target primary APCs as well, an important prerequisite for their 
intended in vivo application. For this, isolated spleen cells were 
coincubated with FITC-labeled DEX particles. As shown in 
Figure 2D, only CDl Ic^ DCs and F4/80^ macrophages efficiendy 
bound FITG" DEX(OVA+LPS), but not control DEX particles. 
In contrast, CD 19^ B cells and CD3^ T cells, known to lack MR 
expression, showed no efficient binding of either type of DEX 
particles. 

LPS-loaded DEX Formulations Efficiently Stimulate BM- 
DCs, and DEX Particles Codelivering OVA and LPS Evoke 
Strong CD4"^ T Cell Proliferation 

In previous studies, polymers functionalized with mannose to 
target APCs via binding to the MR mediated efficient internal- 
ization, but at the same time induced DC activation [12]. 
Therefore, we analyzed the difierent types of DEX particles for 
their DC-activating capacity. 

For this, unstimulated BM-DCs were incubated in parallel 
assays with OVA protein, LPS, or the different types of DEX 
particles for 24 h, and the expression of DC activation markers 
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DEX{-) (Ml) 

Figure 1. DEX particles are of spherical appearance and 
uniform in size. (A) Shape and size distribution of DEX(-) dispersed 
in PBS was studied by electron microscopy. (B) Hydrodynamic radii of 
Dextran T500 and derived DEX particle formulations as function of in 
DPBS buffer (0.33 mg/ml) were determined by DLS (see Methods). 
Graphs denote the angular dependency of the apperent diffusion 
coefficient of the different dextran solutions in buffer solution. (C) To 
assess cytotoxic effects of DEX particles on BM-DC viability, cells 
(2.5x10^) were seeded into wells of 96 well cell culture plates in a 
volume of 50 \i\ in triplicates, and DEX{-) particles (20 mg/ml) were 



added at different amounts as indicated. One day later, viability of BIVI- 
DCs was assessed as described (see IVIethods). The viability of untreated 
BM-DCs was set to 100% (dashed line). 
doi:1 0.1 371/journal.pone.0080904.g001 

(CD40, CD80, CD86) was analyzed. Stimulation of BM-DCs with 
LPS resulted in marked upregulation of either activation marker, 
while OVA and OVA-containing DEX particle formulations 
(DEX[OVA]) were devoid of DC-stimulatory activity (Figure 3A). 
Only DEX particle t>pes containing LPS (DEX [LPS], DEX [OVA 
+ LPS]) facilitated robust DC activation as reflected by upregula- 
tion of CD40, CD80 and CD86, to similar extent as mediated by 
LPS in case of the two latter. 

Due to efEcient engulfment of OVA-adsorbed DEX particles 
and the DC-stimulatory capacity of particulate LPS, we tested the 
efficacy of DEX particles to mediate an antigen-specific T cell 
response. While BM-DCs preincubated with soluble OVA protein 
alone induced no marked proliferation of subsequently cocultured 
OVA peptide-specific OT-II CD4'^ T cells, pretreatment of BM- 
DCs with DEX(OVA) facilitated robust T cell activation 
(Figure 3B). In accordance, pretretment of BM-DCs with DEX 
particles i:odelivering OVA and LPS (DEX[OVA+LPS]) facilitat- 
ed strongly enhanced T cell activation, which was significantly 
higher as induced by BM-DCs pretreated with OVA plus LPS. 

Codeliveiy of OVA and LPS by a DEX-based Nanovaccine 
Results in a Potent and Sustained Immune Response 
in vivo 

Due to the strong bioactivity of OVA and LPS when applied as 
particulate formulations to mediate DC-dependent activation of 
antigen-specific CD4* T cells in vitro, we assessed the suitability of 
these DEX particles to mount an OVA-specific CD4'^ T cell 
response, when applied directly in vivo, which requires targeting of 
MR-expressing APCs. To this end, proliferation of CFSE-labeled 
splenocytes derived from OT-II mice and injected i.v. into 
C57BL/6 mice was analyzed after treatment of recipient mice 
with OVA and LPS as soluble or particulate formulations. As 
shown in Figure 4A, in all groups of mice which had received 
OVA plus LPS, strong proliferation of OT-II T cells was detected. 

Based on this result, the suitability of DEX-based nanovaccines 
to elicit a robust 004"*" T cell-dependent immune response was 
evaluated in a model of antigen-specific foot pad swelling. For this, 
syngeneic OVA peptide-specific CD4^ T cells were transferred 
into recipient mice, sensitized with OVA plus LPS, DEX(0- 
VA+LPS) or DEX(— ) as a control, and challenged by injection of 
syngeneic, OVA peptide-pulsed stimulated BM-DCs into the hind 
foot pads. While sensitization with soluble OVA plus soluble LPS 
resulted in a transient foot pad swelling only, that returned to 
background levels already at day 2 after challenge, application of 
particle-bound OVA plus LPS (DEX[OVA+LPS]) induced a 
marked and prolonged delayed-type hypersensitivity response that 
persisted for days (Figure 4B). 

DEX-based Nanovaccines Induce Strong CD8"^ T Cell 
Activation in vivo 

To assess the suitability of DEX-based nanovaccines to induce 
robust CD8 T cell responses, the proliferation of OVA peptide- 
specific CD8^ T cells derived from OT-I mice and transferred into 
syngeneic C57BL/6 mice was assessed after treatment of recipient 
mice with OVA and LPS in different formulations. In comparison, 
coapplication of soluble OVA and LPS mounted low CD8"'" T cell 
proliferation only, which was significantly higher in case of prior 
immunization with particulate OVA (DEX[OVA]), coadminis- 
tered with soluble LPS (Figure 5A). However, DEX particles 
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Figure 2. BM-DCs engulf DEX particle formulations in an OVA-dependent manner, mainly via the MR. Aliquots of unstimulated day 6 
BM-DCs (5x10= cells; C57BL/6) were left untreated (-) or were colncubated with FITC-labeled DEX particles in duplicates as indicated (each 50 |il). (A) 
Aliquots were removed after the indicated period of time, and the frequencies of FITC*CD11c* BM-DCs were assessed by flow cytometry. Data 
represent mean±SEIVI of duplicates and are representative of three independent experiments. Statistical significant differences between OVA- 
containing DEX particles (DEX[OVA], DEX[OVA+LPS]) and the corresponding control group (DEX[-], DEX[LPS]) are indicated for each time point 
(*p<0.05, **p<0.01). (B) Cellular uptake of FITC-labeled DEX(OVA) by BM-DCs, stained with anti-CDI 1c antibody (red) and DAPI (blue), was assessed 
by confocal laser scanning microscopy 4 h (left panel) and 24 h (right panel) after the onset of coincubation. (C) In parallel cultures, aliquots of BM- 
DCs were left untreated or were incubated with mannan at high dose (200 |ig/ml) for 30 min. Afterwards, DEX(OVA + LPS) was added to either group. 
Aliqouts of BM-DCs were harvested at the indicated time points, stained for CD1 1c, and analyzed by flow cytometry. Data represent mean±SEM of 
duplicates and are representative of three independent experiments. (D) Spleen cells derived from C57BL/6 mice (2x10*' cells/200 |ll) were left 
untreated (data not shown) or were coincubated with FITC-labeled DEX particles as indicated (each 30 )il) for 24 h. Afterwards, the cells were stained 
with either of the indicated cell lineage markers (DCs: CD1 1c-PE-Cy7, Macrophages: F4/80-eFlour405, B cells: CD19-APC, T cells: CD3-PE), and were 
analyzed by flow cytometry for the frequency of FITC* cells within either lineage. Numbers in brackets indicate the overall frequency of either cell 
lineage within the spleen cell suspension. Data represent mean±SEM of three independent experiments. Statistical significant differences between 
groups are indicated (***p<0.001). 
doi:10.1371/journal.pone.0080904.g002 



adsorbed with OVA plus LPS (DEX[OVA-hLPS]) evoked the 
strongest OVA-specific CD8''' T cell proliferation of all groups 
compared. Similarly, the frequency of OT-I T cells producing the 
Till cytokine IFN-y was lowest in mice treated with OVA plus 
LPS, intermediate when DEX(OVA) plus LPS had been 
coapplied, and highest in the group immunized with DEX(0- 
VA-hLPS) (Figure 5B). 

The finding of robust CD8^ T cell proliferation and IFN-y 
production as induced by DEX-based nanovaccines in vim 
prompted us to assess the functional activity of OT-I T cells in 
terms of cytotoxic activity. In an in vim killing assay, lysis of OVA 
peptide-presenting target cells occurred only in groups of mice 
cotreated with OVA and LPS (Figure 5C, upper panel). Lysis of 



CFSE'"" target cells was lowest after coadministration of soluble 
OVA and LPS, somewhat elevated in the group which had 
received DEX(OVA) plus LPS, and strongest in mice injected with 
DEX(OVA-hLPS) (Figure 5C, lower panel). 

DEX Particles that Codeliver OVA and LPS Induce a Th2- 
biased Humoral Response 

In light of the essential role of humoral immune responses for 
pathogen clearance and their contribution to anti-tumor respons- 
es, we asked for the potential of DEX-based nanovaccines to 
mount the production of OVA-specific antibodies. For this, naive 
mice were injected i.v. with the different types of DEX particles. 
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Figure 3. BM-DCs are strongly activated by LPS-containing DEX particle formulations, and codelivery of OVA results in robust 
antigen-specific CD4* T cell activation. (A) Allquots of unstimulated day 6 BM-DCs (lO'' cells; C57BL/6) were left untreated (-), stimulated with 
LPS (1 00 ng/ml), or were coincubated with DEX particles (1 00 |il) as indicated for 24 h. Afterwards, expression of CD40, CD80, and CD86 was assessed 
by flow cytometry. Graphs denote mean fluorescence intensities (MFI) ± SEM of three experiments. Statistical significant differences between groups 
are indicated (**p<0.01, ***p<0.001). (B) Unstimulated day 6 BM-DCs (lO*" cells; C57BL/6) were treated with soluble OVA (2 \ig) or as described in A 
for 24 h. Titrated numbers of BM-DCs were cocultured with sorted CD4* OT-II T cells in triplicates for 3 days at the ratios indicated. T cell proliferation 
was assessed as incorporation of ^H-thymidine added for the last 16-18 h. Data represent mean±SEM of triplicates and are representative of three 
independent experiments. Statistical significant differences between DEX(OVA-LPS) versus OVA plus LPS and DEX(OVA) versus OVA for each T cell/ 
BM-DC ratio are indicated (*p<0.05, ♦♦p<0.01). 
doi:10.1371/journal.pone.0080904.g003 



and sera derived one and two weeks later were assayed for OVA- 
specific IgG titers. At either time point, OVA-specific IgGI and 
IgG2a were detectable only in sera obtained from mice 



immunized with OVA-containing DEX-based nanovaccines, 
thereby confirming antigen-dependency of antibody production 
(Figure 6). As expected, OVA-specific antibody titers were higher 
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Figure 4. DEX particles containing OVA and LPS induce strong 
activation of antigen-specific T cells when applied in vivo. 

(A) Mice (C57BL/6) received CFSE-labeled OVA-speclfic OT-II T cells (10^/ 
mouse) i.v. Two days later, mice (three animals per group) were 
immunized i.v. with OVA (4 |jg per mouse), LPS (0.4 )ig), and DEX 
particles (each 200 |il) as indicated. After another three days, 
frequencies of CD4*CD45.1*Va2* OT-II T cells in spleen cell suspensions 
were analyzed by flow cytometry. Data represent mean±SEIVI of two 
independent experiments. The frequencies of proliferating CD4* OT-II T 
cells in either treated group were signifiantly higher than in the non- 
immunized control group. (B) CD4* DO11.10 T cells (SxlO'') were 
transferred to BALB/c mice (3 animals per group). One day later, 
OVA323_339 peptide (40 |xg), LPS (100 ng), or different DEX particle 
formulations (each 40 were injected as indicated. For challenge, 
LPS-stimulated BM-DCs were pulsed with OVA323-339 peptide (0.1 |ig/ 
ml), and were injected into either hind foot pad of pretreated BALB/c 
mice. Food pad thickness was recorded daily. Data represent mean±"' 
SEM of six recordings per group. Statistical significant differences 
between any group versus the control group (DEX[— ]) are indicated 
(*p<0.05, **p<0.01, ♦♦♦p<0.001). 
doi:1 0.1 371 /journal.pone.0080904.g004 

when OVA plus LPS were codelivered (DEX[OVA-hLPS]) than 
mounted in response to OVA alone. At either time point assessed, 
more IgGl than IgG2a was detected, reminiscent of a Th2-skewed 



IgG pattern. Taken together, these findings show that DEX-based 
nanovaccines are capable to induce both a cellular and a humoral 
immune response in vivo in an antigen-specific manner. 

Discussion 

DCs constitute an attractive target for rmmunotherapeutic 
strategies based on their versatile functional properties, namely to 
maintain peripheral tolerance under steady state conditions [13], 
but to induce potent immune responses when activated by 
pathogen-associated danger signals [14]. In conventional vaccina- 
tion strategies protein antigen(s) and AFC -activating adjuvant(s) 
are coinjected [15]. However, it is well established by now, that 
antigen in combination with adjuvant induces a stronger immune 
response when codelivered as a particulate formulation [16]. 

Ongoing studies aim on the development of reliable targeting 
strategies which enable APC-focussed delivery of nanovaccines 
[17], but major restrictions arise from the laborious synthesis and 
functionalization, limited biodegradability, cytotoxicity, and in- 
trinsic immunomodulatory properties of such formulations [18]. In 
light of these limitations, we sought to develop a nanovaccine 
largely devoid of the aformentioned hindrances. 

For this, we evaluated the suitability of DEX particles which 
have been introduced almost thirty years ago as a biodegradable, 
and non-cytotoxic carrier system for proteins and other com- 
pounds, reported to elicit antigen-specific humoral responses 
in vivo after s.c. immunization of mice, at much higher extent than 
direct immunization with antigen [4]. 

In accordance with the general properties of dextran biopoly- 
mers, in our study DEX particles were devoid of cytotoxic or 
direct immunomodulatory effects. In this regard, it is noteworthy 
that other types of nanoparticles, like zinc oxide [19] or 
amorphous silica nanoparticles [20], which are contained in a 
variety of consumer products, have been shown to induce 
cytotoxic effects in isolated immune cells. 

In earlier approaches, particulate carriers have been optimized 
in terms of structural composition and size, aimed to result in 
enhanced uptake by myeloid APCs by means of endocytosis and 
phagocytosis [21]. Based on these studies, particles of 0.1-1 |J,m in 
diameter have been demonstrated to passively target APCs 
[22,23]. However, cell-type unspecific uptake of such types of 
particles may limit their usability in terms of APC-specific 
vaccination [24]. In contrast, here we show that DEX particles 
as such, despite their minor size, were not engulfed by immune 
cells to a great extent, which underlines their potential to serve as 
inert carriers for macromolecules that facilitate cell type-specific 
targeting. 

Accordingly, we sought to exploit the intrinsic myeloid APC 
targeting property of OVA, which by itself constitutes an 
important model antigen frequently employed to study adaptive 
immune responses. In agreement with the well established MR- 
targeting properties of OVA [6,7], here we demonstrated that 
DEX particles containing OVA were efficiently engulfed by 
murine BM-DCs in an MR-dependent manner, as suggested by 
efficient inhibition in the presence of mannan at high concentra- 
tion. Moreover, OVA-containing DEX particles efficiently bound 
primary DCs and macrophages, shown to express the MR [25], 
while B cells and T cells as MR-deficient lymphoid immune cells 
were not targeted. These results suggest that mannosylation of a 
given protein antigen may suffice to mediate binding and cellular 
uptake of a conjugated nanovaccine by MR-expressing APCs. 
Accordingly, as exploited in our study, a candidate protein at the 
same time may serve both as a source of antigen, and as an APC- 
targeting molecule. In confirmation of the latter, the uptake of 
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Figure 5. The nanovaccine DEX(OVA+LPS) induces profound activation of antigen-specific CD8^ T cells in vivo. C57BL/6 mice received 
CFSE-labeled, OVA-specific OT-I T cells (10^) i.v. Two days later, groups of mice (each five animals) were either left untreated or were immunized with 
OVA (4 [ig per mouse), LPS (4 ^g), and DEX particle formulations (each 200 as indicated. (A) On day 5, the frequencies of proliferating 
CD8*CD45.1*Vo(2* OT-I cells were determined in spleen cell suspensions by flow cytometry. (B) In the same experiments, the frequencies of IFNy* OT-I 
T cells were assessed by flow cytometry. (A,B) Data represent mean±SEIVI of two independent experiments each. The frequencies of proliferating and 
IFN-y producing CDS* OT-I T cells in either group were signifiantly higher than in the non-immunized control group. Other statistical significant 
differences between groups are indicated (*p<0.05, **p<0.01 , ***p<0.001 ). (C) On day 4 after immunization, mice were injected with CFSE'°" target 
cells (loaded with OVA257-264) and CFSE'^'^'' control cells (each IO' cells) derived from syngeneic Ly-5.1* mice. 4 h later, splenocytes were isolated and 
frequencies of CFSE-labeled cell populations were assessed by flow cytometry. Upper panel: Data represent mean±SEM of two independent 
experiments. Statistical significant differences between groups are indicated (*p<0.05, **p<0.01). Lower panel: Frequencies of Ly-5.1* target cells 
(CFSE'°") and control cells (CFSE'"^'^) in spleen cell suspensions derived from one mouse of either group are shown as histograms. Graphs are 
representative of two independent experiments. 
doi:1 0.1 371 /journal.pone.0080904.g005 



protein antigens by APCs was strongly elevated when these 
proteins were mannosylated due to expression in engineered yeast 
cells [26] or in vitro prior to application [27]. 

Several studies have suggested that uptake of MR-targeting 
nano-carriers, like polyanhydride [12] and PLGA (D, L-lactide-co- 



glycolic acid) [28] nanoparticles, resulted in DC activation, which 
may be explained in part by signaling pathways activated in 
response to MR-mediated protein uptake [29] . In contrast, in our 
study BM-DCs incubated with DEX(OVA) remained unstimu- 
lated, which indicates that MR engagement as such is not 
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Figure 6. DEX particles containing OVA elicit a specific Th2- 
biased humoral immune response, augmented upon codeliv- 
ery of LPS. Naive C57BL/6 mice (two mice per group) were immunized 
with DEX particle formulations as indicated. On days 7 (upper panel) 
and 14 (lower panel), mice were bled and derived sera were used for 
detection of OVA-specific IgGi and lgG2a antibody titers. Data 
represent mean±SEM of two sera per group. 
doi:1 0.1 371/journal.pone.0080904.g006 

sufficient to mediate DC activation. In general, structurally distinct 
nanoparticle formulations were characterized by an intrinsic DC- 
activating immunomodulatory fimction, i.e. y-¥GA (po\y[y- 
glutamic acid] [30], poly(propylene)sulfide [31], or LDH (layered 
double hydroxide) [32]. Yet other types of nanoparticles have been 
reported to exert inhibitory activity on DCs, like PVA-SPIONS 
(poly[vinylalcohol]-coated super-paramagnetic iron oxide nano- 
particles) [33]. Altogether, these reports demonstrate that nano- 
particles often exert immunomodtilatory activity, which may 
modulate the character of an intentionally induced immune 
response in an unwanted manner, e.g. in terms of T cell 
polarization [34]. Therefore, the lack of immunomodulatory 
activity of DEX particles on DCs clearly broadens their range of 
application, because it may allow to shape a nanovaccine-induced 
immune response solely according to the properties of codehvered 
adjuvants [35]. Here we employed the TLR4 ligand LPS as an 
adjuvant, well known to activate myeloid DCs, which in turn favor 
Thl-biased immune responses [36]. LPS-containing DEX parti- 
cles readily activated BM-DCs to similar extent as LPS apphed 



directly. Interestingly, DEX particles engineered to contain only 
LPS were not internalized by BM-DCs. In contrast, Demento and 
co-workers [37] reported that PLGA-based nanoparticles were 
engulfed by murine DCs at higher eHiciency when decorated with 
LPS than at non-fun[:tionahzed state. This observation suggests 
that TLR4 engagement per se may be sufficient for subsequent 
internalization of TLR4 ligand-coated nanovaccines. However, 
the discrepancy between the findings of Demento and co-workers 
and our results may be explained by differences in particle-surface 
LPS densities. 

The DEX-based nanovaccine which codelivered OVA and LPS 
(DEX[OVA+LPS]) was most effective in inducing pronounced T 
cell responses both in vitro when incubated with BM-DCs, as well 
as in vivo after direct application. Whereas both soluble and DEX- 
bound OVA were able to stimulate the proliferation of CD4''" T 
cells, only the deliver)^ of DEX(OVA+LPS) exerted a sustained 
immune response as demonstrated in a foot pad swelling assay, a 
well established model for T cell mediated delayed-type hyper- 
sensitivity. DEX-based nanovaccines also proved substantially 
more efficient to mediate cross presentation of OVA peptides by 
DCs in vivo than soluble OVA [5] as evidenced by the induction of 
a Thl-biased activation of OVA-specffic CD8^ OT-I T cells. 
Taken together, these data demonstrate that the immobilization of 
antigen (OVA) and adjuvant (LPS) on a particulate carrier (DEX) 
that targets DCs induces superior T cell-mediated immune 
responses in vivo when compared to immunization with soluble 
antigen and adjuvant. 

Besides mounting potent T cell responses, in line with the results 
obtained by Schroder et al. [4], DEX-based nanovaccines 
containing OVA also induced a Th2-biased OVA-specific IgG 
isotype pattern (IgGl>IgG2a). Thus, in context with DEX 
particle-derived nanovaccines other adjuvants than LPS may be 
required to induce a pronounced Thl -skewed pattern of antibody 
production. 

Taken together, the modular character of the DEX-based 
nanovaccine platform evaluated in this study may enable the 
generation of vaccine formulations that are able to specifically 
target glycosylated protein antigens to DCs in a MR-mediated 
fashion in vivo. In addition, these DEX-based nanocarriers are also 
able to specifically administer adjuvants or other immunomodu- 
latory agents to DCs in situ in order to shape immune responses as 
required for immunotherapeutic applications. 

Supporting Information 

Figure SI DEX particles fimctioiialized with OVA or 
LPS display no interaction with serum. DLS analysis of 
DEX particle formulations preincubated with human serum was 

performed as described in the Materials and Methods section. 
Graphs denote correlation functions (scattering angle 30°) of 
DEX(OVA) (upp(-r panel) and DEX(LPS) (lower panel) in human 
serum. Force fit (eq. 3 and residuum (bottom line) are shown. 
(TIF) 

Methods SI Detailed information on the generation of 
DEX particles, and of DLS analysis are given in Methods 
SI. 

(DOC) 

Acicnowledgments 

The authors lhank Dr. Wolfgang Gcbaucr (InsLiUiLo of Zoology', headed by 
Prof. Dr. Jiirgen Mark], Johannes Cjulcnberg-Unu-ersily Mainz, Oermany) 
for eleetron microscopy analysis of DEX particles, and Dr. SLelfcn Lorenz 
(Imaging Core Facility, headed by Dr. Dennis Strand, University Medical 
Center Mainz, Germany) for laser scanning confocal microscopy analysis 



PLOS ONE I www.plosone.org 



9 



December 2013 | Volume 8 | Issue 12 | e80904 



Dextran-Based Nanovaccines Induce Immune Responses 



of cellular uptake of DEX panicle forinulaLions by BM-DCs. This work 
was performed in partial fullfillment of the requirements of the doctoral 
thesis of Limei Shen. 



References 

1. Klippstcin R, Pozo D (2010) Nanotechnology-basrd manipulaiion of dendritic 
cells for enhanced immunotherapy strategies. Nanomedicine. 6: ~)23-!'')29. 

2. di Gioacchino M, Petrarca C, Lazzarin F, di Giampaolo L, Sabbioni E, et al. 
(2011) Immunotoxicity of nanoparticles. Int J Immunopathol Pharmacol 24: 
65S-71S. 

3. Pearce EJ, Kane CM, Sun J (2006) Regulation of dendritic cell function by 
pathogen-derived molecules plays a key role in dictating the outcome of the 
adaptive immune response. Chem Immunol Allergy 90: 82—90. 

4. Schroder U, Stahi A (1984) CJrystallized dexfran nanospheres with entrapped 
antigen and their use as adju\'ants. J hnmunol Methods 70: 127—132. 

5. Schroder U (198 1) Oystallizcd carbohydrate spheres as a slow releEise matrix for 
biologically active substances. Biomatcrials 5: 100—104. 

6. Burgdorf S, Lukacs-Komek V, Kurts C (2006) The mannose receptor mediates 
uptake of soluble but not of cell-associated antigen for cross-presentation. 
J Immunol 176: 6770-6776. 

7. Mao X, Wang K, Du Y, Lin B (2003) Analvsis of chicken and tiirke\ ovalbumins 
by microchip electrophoresis combined with exoglycosidase digestion. Electro- 
phoresis 24: 3273 -3278. 

8. Gazi U, Martincz-Pomarcs L (2009) Inlluence of the mannose receptor in host 
immune responses. Immunobiology 214: 554—561. 

9. Irache JM, Salman HH, Gamazo C, Espuelas S (2008) Mannose-targeted 
systems for the delivery of therapeutics. Expert Opin Drug. Dehv 5: 703-24. 

10. Rausch K, Reuter A, Fischer K, Schmidt M (2012) Evaluation of nanoparticle 
aggregation in human blood serum. Biomacromolecules 11: 2836—2839. 

1 1 . Balkow S, Krux F, Loser K, Becker JU, Grabbe S, et al. (2007) Friend retrovirus 
infection of myeloid dendritic cells impairs maturation, prolongs contact to naive 
T cells, and favors expansion of regulatory T cells. Blood 1 10: 3949-3958. 

12. Carrillo-Conde B, Song LH, Ghavez-Santoscoy A, Phanse Y, Ramer-Tait AE, 
et al. (2011). Mannose-functionalized "pathogen-hke" polyanhydride nanopar- 
ticles target C-type lectin receptors on dendritic cells. Mol Pharm 8: 1877-1886. 

13. Morel PA, Turner MS (2011) Dendritic cells and the maintenance of self- 
tolerance. Immunol. Res. 50: 124—129. 

14. Joffre O, Nolte MA, Sporri R, Reis e Sousa C (2009) Inflammatory signals in 
dendritic cell activation and the induction of adaptive immunity. Immunol. Rev. 
227: 234-247. 

15. Colfman RL, Sher A, Seder RA (2010) Vaccine adjuvants: putting irmate 
immunity to work. Immunity 33: 492 503. 

16. de Temmerman ML, RejmanJ, DemeestcrJ, Irvine DJ, Gander B, et al. (2011) 
Particulate vaccines: on the quest lor optimal delivery and immune response. 
Drug Discov Today 16: 569-582. 

17. Liu C, Zhang N (201 1) Nanoparticles in gene therapy principles, prospects, and 
challenges. Prog Mol Biol Transl Sci 104: 509-562. 

18. Krishnamachari Y, Geary SM, Lemke CD, Salem AK (2011) Nanoparticle 
deliverv svstems in cancer vaccines. Pharm Res 28: 215-236. 

19. Heng BC, Zhao X, Tan LCJ, Khamis N, Assodani A, et al. (201 1) Evaluation of 
the cytotoxic and inflammatory potential of ditfcrcntially shaped zinc oxide 
nanoparticles. Arch Toxicol 85: 1517-1528. 

20. Nabeshi H, Yoshikawa T, Matsuyama K, Nakazato Y, Arimori A, et al. (2010) 
Size-dependent cytotoxic effects of Eunorphous sUica nanoparticles on Langer- 
h£ms ceUs. Pharmazie 65: 199-201. 



Author Contributions 

Conceived and designed the experimenls: LS MB SG HS. Performed the 
experimenis: LS TH EM KR IT NV SP. Analyzed the data: LS TH MK 
MS MB. (Contributed reagents/materials/analysis tools: LS. Wrote the 
paper: LS SG MB. 



21. Hart SP, Dransfield I, Rossi AG (2008) Phagocytosis of apoptotic cells. Methods 
44: 280-285. 

22. Mottram PL, Leong D, Crimeen-Irwm B, Gloster S, Xiang SD, et al. (2007) 
Type 1 and 2 immunity following vaccination is influenced by nanoparticle size: 
formulation of a model vaccine for respiratory syncytial virus. Mol Pharm 4: 73— 
84. 

23. Rice-Ficht AC, Arenas-Gamboa AM, Kahl-McDonagh MM, Ficht TA (2012) 
Polymeric particles in vaccine delivery. Curr Opin Microbiol 13: 106—112. 

24. Wang J.J, Byrne D, Napier ME, DeSimone JM (2011) More effective 
nanomedicines through particle design. Small 7: 1919-1931. 

25. Robinson MJ, Sancho D, Slack EC?., LeibundChit-Landmann S, Reis e Sousa G 
(2006) Myeloid C-type lectins in innate immunity. Nat Immunol 7: 1258-1265. 

26. Amano K, Chiba Y, Kasahara Y, Kato Y, Kaneko MK, et al. (2008) 
Engineering of mucin-type human glycoproteins in yeast cells. Proc Natl Acad 
Sci USA 105: 3232-3237. 

27. Agnes MC, Tan A, Jordens R, Geluk A, Roep BO, et al. (1998) Strongly 
increased efficiency of altered peptide Hgands by maimosylation. Int Immunol 
10: 1299-1304. 

28. HEundy S., Haddadi A, Shayeganpour A, Samuel J, Lavasanifar A (2011) 
Activation of antigen-specific 4' cell-responses by maiman-decorated PLGA 
nanoparticles. Pharm Res 28: 2288-2301. 

29. Li J, Jiang H, Wen VV, Zheng J, Xu (2010) The dendritic cell mannose 
receptor mediates allergen internalization and maturation involving notch 1 
signalling. Clin Exp Immunol 162: 251—261. 

30. Matsuo K, shii Y, Matsuo K, Yoshinaga T, Akashi M, et al. (2010) The utility of 
poly(7-glutamic acid) nanoparticles as antigen delivery carriers in dendritic ceU- 
based cancer immunotherapy. Biol Pharm Bull 33: 2003-2007. 

31. Hirosue S, Kourtis IG, van der VHes AJ, HubbeUJA, Swartz MA (2010) Antigen 
delivery to dendritic ceUs by poly(propylene sulfide) nanoparticles with disulfide 
conjugated peptides: Cross-presentation and T cell activation. Vaccine 28: 
7897-7906. 

32. Li A, Qin L, Zhu D, Zhu R, Sun J, et al. (2010) Signalling pathways involved in 
the activation of dendritic ceUs by layered double hydroxide nanoparticles. 
Biomaterials 31: 748-756. 

33. Blank F, Gerber P, Rothen-Rutishauser B, Sakulkhu U, SalaklangJ, et al. (201 1) 
Biomedical nanoparticles modulate specific CD4"^ T cell stimulation by 
inhibition of antigen processing in dendritic cells. Nanotoxicology 5: 606-621. 

34. Peck A, MeUins ED (2010) Plasticity of T-ceU phenotype and function: the T 
helper type 17 example. Immunology 129: 147—153. 

35. Tacken PJ, Zeelcnberg IS, Cruz LJ, van Hout-Kuijer MA, van de Glind G, et al. 
(2011) Targeted delivery of TLR ligands to human and mouse dendritic cells 
strongly enhances adjuvanticity. Blood 118: 6836—6844. 

36. Agrawal S, Agrawal A, Doughty B, Gerwitz A, Blenis J, et al. (2003) Cutting 
edge: different Loll-like receptor agonists instruct dendritic cells to induce 
distinct Th responses via ditfcrential modulation of extracellular signal-regulated 
kinase-mitogen-activated protein kinase and c-Fos. J Immunol 171: 4984-4989. 

37. Demento SL, Eisenbarth SC, Foellmer HG, Piatt G, Caplan MJ, et al. (2009) 
Inflammasome-activating nanoparticles as modulEU systems for optimizing 
vaccine efficacy. Vaccine 27: 3013—1321. 



PLOS ONE I www.plosone.org 



10 



December 2013 | Volume 8 | Issue 12 | e80904 



